INTRODUCTION
============

The slogan of one of the most famous and successful companies in the world, Apple, is "think different." It is not unusual that Apple's astonishing success is attributed to the business' policy of encouraging creativity or "thinking different," enabling them to come up with new ways of outsmarting their competitors and opponents. Given the importance that is attributed to creativity in, for example, outsmarting one's competitors and opponents it is not surprising that creativity has received a great deal of research attention. Recently, researchers have attempted to shed light on the underlying cognitive mechanisms associated with creative thought and behavior. In this endeavor, a recent line of research has begun to investigate the relationship between the central cognitive concept of working memory and creativity. However, the findings emerging from this line of research have been highly ambiguous, calling for further research on this topic.

Creativity can broadly be defined as the generation of ideas or problem solutions that are novel but still appropriate ([@B1]; [@B47]). Oftentimes the multifaceted term creativity is equated with the concept of divergent thinking ([@B19]) in the cognitive literature which can be defined as the cognitive processes generating a broad range of solutions to a given problem ([@B44]). Divergent thinking is often contrasted with convergent thinking, which is defined as a deductive process that applies rules to arrive at a single, optimal solution. Besides being reported as an antithesis of divergent thinking (e.g., [@B19]), convergent thinking has also been regarded as a complementary creativity process (e.g., [@B6]; [@B11]; [@B44]). Divergent thinking is assumed to initially generate a broad range of solutions while convergent thinking discerns which solutions are the most appropriate in order to settle for the highest quality solution.

Divergent thinking has been suggested to include the cognitive measures of fluency, flexibility, and originality ([@B19]). Fluency refers to the ability to generate many responses; flexibility as the ability to switch categories between responses; and originality as the ability to generate seldom responses according to the norm. In order to gain a better understanding of the cognitive underpinnings of creativity, modern creativity research (e.g., [@B25]) is (re-)examining the relationship between convergent and divergent thinking and higher-order cognition (e.g., executive functions, working memory). Building on research highlighting the importance of intelligence in creative thinking ([@B48]; [@B44]), more recent endeavors have started to explore the role of working memory in creativity.

Working memory can be defined as the cognitive mechanisms capable of retaining a small amount of information in an active state for use in ongoing tasks (for reviews, see [@B40]; [@B4]; [@B7]). The most important advance of the working memory model was the proposal of a system not only responsible for the storage of information but also for mechanisms of cognitive control and attention---named the central executive ([@B5]; [@B3]). Since then, working memory has been referred to as the "blackboard of the mind" ([@B18]). It can be considered as one of the most significant achievements in human evolution as it allows to string together existing knowledge with current thoughts and ideas. According to this conceptualization, working memory intuitively seems to be an important cognitive component supporting creativity. However, the empirical evidence for this suggestion is not as clear cut as one might assume based on [@B18].

Given that two of the most important functions ascribed to working memory---keep novel information in a heightened state of activity and to discriminate between irrelevant and relevant information ([@B53])---are also assumed to be highly relevant in creativity ([@B10]), it seems reasonable to assume that superior working memory functioning is associated with enhanced creativity. This positive association between measures of working memory capacity and creativity has received some empirical support.

For example, [@B49] and [@B41] demonstrated that working memory capacity was positively related to a series of different creativity tasks, involving the generation of three-word sentences, or the creation of objects out of a fixed number of elements following certain generation rules. In addition, [@B10] showed that people performed worse on a creative insight task when their working memory capacity was taxed by a secondary task and that high working memory individuals showed more creative performance on divergent thinking tasks even when intelligence was controlled for. Further, they provided preliminary (as there was only an effect of working memory capacity on creative improvisations when artificially creating a creativity score over time) evidence that semiprofessional cellists performed more creative improvisations when scoring high on working memory capacity compared to cellists scoring low on working memory. Evidence along these lines was also provided by [@B25] who concluded that working memory plays an important role in creative thinking because high working memory individuals are more likely to overcome interference caused by automatic, unoriginal responses, or stated differently, because high working memory individuals are better able at breaking away from a mental set or ineffective approach to a problem (see also [@B17] for a similar argumentation).

However, an increasing number of studies have also reported an opposite, negative relationship between working memory capacity and creativity (see [@B56], for a review). This line of research has made the argument that an important feat of working memory is to "zoom" in the focus of attention on the problem at hand, avoid distraction, and narrow the search in the problem space, and thereby, in turn, harming creative thought. Studies providing evidence that a deficit in attentional control (as measured by working memory capacity tasks, [@B12], for a review) is beneficial for creative problem solving, for example, have shown that alcohol intoxication, leads to significant deficits in working memory capacity which in turn improves creative problem solving. The association between a lack of attentional control, working memory, and creativity is further supported by studies showing more creative performance amongst hyperactive children, who are characterized by working memory impairments and a decreased ability to focus their attention ([@B45]; [@B14]). [@B14] suggested that even amongst gifted (high IQ) children with an attention deficit hyperactivity disorder (ADHD) the relationship between working memory and a creativity index was negative, accounting for 12% of variance. Similarly, the administration of Ritalin (methylphenidate) significantly decreased symptoms of ADHD but also decreased creativity ([@B50]), while improving working memory capacity ([@B27]). Evidence from brain imaging studies ([@B51]) supports the line of argumentation that diffuse attention is related to individual creativity by showing that divergent thinking is positively associated with the inefficient reallocation of attention in the brain.

Given these opposing findings on the relationship between working memory and creativity, it is not surprising that other studies have failed to find any direct correlation between working memory and creativity (e.g., [@B51]; [@B25]). Taken together, these ambiguous findings suggest that important moderating variables influence the relationship between creative performance and working memory and have to be taken into account when investigating this relationship.

One moderating variable that has been identified to play an important role in the relationship between working memory and creativity is the type of creativity task used ([@B26]). With reference to dual-process theories ([@B13], for a recent review), [@B26] suggested that the generation of numerous solutions, as is required in divergent thinking tasks, is more dependent on effortless, associative Type 1 processing ([@B13]) and therefore does not heavily load on working memory. According to [@B13] Type 1 processing is defined by being both initiated and completed in the presence of relevant triggering internal or external conditions. This type of processing is assumed to not require working memory. On the other hand, convergent processing as is required, for example, in creative insight tasks necessitates a more rule-based---Type 2 processing---and therefore requires working memory. Type 2 processing is usually defined as a controlled, rule-based type of processing that requires working memory for hypothetical thinking and mental simulation ([@B13]). In a series of experiments, [@B26] provide preliminary evidence for this suggestion.

In addition, research on the relationship between working memory and creativity in everyday settings is further complicated by the role of domain-specific knowledge in the creativity task ([@B55]). In this respect, it has been suggested that expertise in a given domain facilitates problem solving by restricting attention to the most obvious solutions to the problem and suppressing less obvious options. Therefore, expertise can actually hinder creative performance in certain situations and domains by "not thinking outside the box" ([@B56], for a review). In an important study, participants with high levels of domain-specific knowledge and high working memory capacity were the least likely to overcome their initial mental set in order to reach a creative solution ([@B43]).

Taken together, the existing literature on the role of working memory in creative thought and behavior highlights that this topic requires further investigation in order to gain a better understanding of the cognitive underpinnings of creativity in everyday life. The field of sport has recently been proposed to be a suitable context to investigate creative performance in a complex, ecologically valid way ([@B31]). Due to the ambiguity of findings, we chose to further the understanding on the relationship between working memory and creativity by investigating this association amongst experienced soccer players within their field of experience. In particular, we were interested in the question of whether an athlete's domain-specific creativity might be restricted by their domain-general cognitive abilities (i.e., working memory capacity). In order to address this question, we administered a domain-general measure of working memory capacity (the automated operation span, [@B54]) in combination with a domain-specific sport creativity task ([@B36]).

The rationale for using the automated operation span task was derived from the controlled attention theory of working memory capacity ([@B12], for a review) which suggests that domain-general measures of working memory capacity predict higher order cognition such as, e.g., language comprehension ([@B23]) or reasoning ([@B24]), because of the domain general controlled attention component shared by these tasks and the working memory capacity tasks. Consistent with this view, a modification of the reading span task that requires mathematical processing instead of comprehending sentences is still an excellent predictor of language comprehension (e.g., [@B12]). In working memory capacity measures participants generally have to memorize digits or words while solving a demanding, secondary processing task such as verifying equations. In this respect, these tasks measure the ability of individuals to keep task-relevant information in a state of heightened activity during the execution of a processing task. Hence, the automated operation span task is a well-suited domain-general measure that has proven to be suitable to predict domain-specific performance (e.g., [@B15]). This study demonstrated that ice hockey players with a low working memory capacity failed to adjust their tactical decisions to the demands of the game situation and more often "blindly" followed a tactical instruction they got from the coach during a simulated time-out, even though it was not appropriate for the game situation. Importantly, ice hockey players with a high working memory capacity were more proficient at adjusting their tactical decision to the demands of the situation instead of relying on the information they got during a simulated team time-out that was not appropriate for the following offensive game situation. No differences between high and low working memory capacity ice-hockey players were evident in situations in which the tactical information they got in the team time-out was helpful for the following game situation as there was no inner conflict between possible solutions to be resolved, and therefore the situation did not require attentional control.

The rationale for choosing the creativity task of [@B36] was that this task paradigm has been shown to have good psychometric properties for measuring both divergent ([@B21]; [@B29]) and convergent thinking ([@B30]). The chosen criteria for creative solutions in team sport (originality, flexibility, and fluency) have been derived from the state-of-the-art creativity research ([@B46]; [@B44]; [@B2]) and have successfully been transferred to the context of sports in numerous studies (for a review [@B32], [@B33]; also [@B39]; [@B37],[@B38]; [@B30]).

In the present study we test the hypothesis whether domain-general working memory capacity is a restricting factor in the creativity of soccer players. Given the outlined controversial findings on the relationship between working memory capacity and creativity, we test this two-sided hypothesis by conducting both null-hypothesis significance tests, while also following recent recommendations ([@B8], [@B9]) of reporting effect-size estimations and their precision in form of 95% confidence intervals.

MATERIALS AND METHODS {#s1}
=====================

PARTICIPANTS
------------

Sixty one male soccer athletes (*M*~age~ = 23.48, SD = 3.6) took part in the study. Their average playing experience was 17.6 years (SD = 3.9) at an amateur to semi-professional level in Germany. The athletes reported to spend an average of 5.7 h/week (SD = 4.4) of playing or training soccer. None of these variables significantly influenced the pattern of results. Written informed consent was obtained from every participant before commencing the experiment. The study was carried out in accordance with the Helsinki Declaration of 1975.

EXPERIMENTAL TASK AND MEASURES
------------------------------

### Working Memory measure

We used the well-established automated operation span score as an index of working memory capacity ([@B54]). As in the original operation span task ([@B52]) participants had to solve math problems while trying to remember an unrelated set of letters. The task included a total of 15 trials (three trials each with 3, 4, 5, 6, and 7 letters to remember). An example of a three-item trial might be: is (8/2) -- 1 = 1? (correct/incorrect?) →*F*; is (6 ^∗^ 1) + 2 = 8? (correct/incorrect?) →*P*; is (10 ^∗^ 2) - 5 = 15? (correct/incorrect?) →*Q*. After verifying the three equations in this example, participants were asked to select the presented letters with a mouse click from an array of 12 potential letters in the order they were presented (in this case *F, P, Q*). The primary measure of working memory capacity was the Ospan score ([@B54]), calculated as the total number of letters recalled across all error-free trials. See [@B54] for full task details. The task lasted approximately 15 min.

### Creativity task

We adapted the soccer-specific divergent-thinking test (see [@B36], for full details) consisting of 20 different video clips displaying offensive soccer scenes that allowed for a variety of possible solutions when the video stopped with one offensive player in possession of the ball. The test was created in assistance with two independent soccer experts in possession of high-level trainer certifications from a large battery of soccer matches from 2010/2011. The final 20 scenes that comprised the soccer-specific creativity test ([@B36]) were those for which the experts had agreed upon offering the most tactical decision options. Each scene was approximately 10 s long, after which it was stopped and the last frame was shown for an additional 3.5 s before it faded away to a black screen. This frame showed an attacking player in possession of the ball, with a variety of tactical options to his disposal.

PROCEDURE
---------

Participants were recruited from local football clubs and tested individually in a quite laboratory on a standard 15 inch notebook. After filling out a questionnaire, gathering biographic data, participants were randomly allocated to either first take the automated operation span or the soccer-specific divergent thinking test to avoid potential order effects. Altogether, testing took approximately 50 min. E-prime 2.0 professional ([@B42]) was used to administer both the automated operation span task and the soccer-specific divergent thinking task. The instructions were standardized and presented on the computer screen. For the divergent thinking task, participants were instructed to assume the role of the player in possession of the ball. Half of the participants viewed 10 videos and 10 stills presented in random order, while for the other group this was reversed and the 10 videos were presented as stills and the 10 stills as videos. The rationale for this was to explore the difference between dynamic and static information in domain-specific creative problem-solving as dynamic information is more representative of the decision making demands experienced soccer-players are confronted with in their performance environments ([@B20]; [@B57]). As no differences were evident between static and dynamic scenes we collapsed data analysis over both categories. After every stimulus presentation participants had to write down all the tactical decision making options that came to their mind. Participants had 45 s time (the time was indicated by a countdown after every stimulus presentation on the screen) to generate as many adequate tactical solutions as possible (divergent thinking) and then bring these generated options in a hierarchical order (within the 45 s time frame) with option one being the option that they would actually decide upon in that situation (convergent thinking). After completing the testing procedure, participants were informed about the purpose of the experiment.

DATA ANALYSIS
-------------

Soccer-specific divergent thinking was assessed by using the three criteria of fluency, flexibility, and originality (see [@B19]; [@B44]). Fluency was simply assessed by the number of tactical solutions produced by a participant. Flexibility was measured via diversity of responses. All solutions given by the participants were sorted into seven different categories based on [@B36]: shot on goal, feint followed by a pass, dribble, short pass, lob, cross, and miscellaneous). One point was given for each category selected by a subject and summed for the respective stimulus, before being divided by the total number of stimuli to arrive at a flexibility score for every participant. Two independent raters (soccer experts with high-level coaching certifications) judged the originality of the solutions for each scene. The soccer experts were not familiar with any other variables about the participants. The available range for the originality assessments was 1 (not original at all) to 5 (very original). The inter-judge reliability coefficient was above the critical limit of 0.80 (intraclass correlation coefficient). The individual ratings of the stimuli were used to compute a mean originality score for each participant (the ratings from both raters were averaged for every stimulus and then summed up before being divided by the total number of responses). Besides analyzing the three components of divergent thinking, we further computed a creativity value by averaging the *z*-transformed fluency, flexibility, and originality values.

Further, the same two soccer experts who rated the originality of the responses agreed upon an optimal solution for every scene which served as an index for the best solution participants could have chosen. As a measure for convergent thinking we compared the correspondence of participants' ratings with the experts' best solution and summed up the number of correspondences before dividing them by the total number of scenes.

We analyzed the relationship between working memory capacity and the measures of creativity by computing Pearson's correlation coefficients and corresponding confidence intervals. Further we compared the upper and lower working memory quartiles with a series of independent *t*-tests (all two-tailed).

RESULTS
=======

Pearson's correlation coefficients for the operation span and the different measures of creativity are shown in **Table [1](#T1){ref-type="table"}** and their graphical equivalent in **Figure [1](#F1){ref-type="fig"}**. The pattern of results clearly shows no relationship between domain-general working memory capacity and domain-specific creativity. Even when only comparing the 25% highest (*M =* 65.7, SD = 7.1) and 25% lowest (*M* = 23.5, SD = 4.4; *t*(28) = - 19.649*; p* \< 0.001, *d* = 7.1) working memory capacity athletes---which is common practice in the working memory capacity literature ([@B12], for a review)---no significant differences emerged for the combined creativity value (*t*(28) = - 0.560; *p* = 0.58, *d* = 0.204), the fluency value \[*t*(28) = - 0.752*; p* = 0.46, *d* = 0.275\], the flexibility value \[*t*(28) = 0.641*; p* = 0.53, *d* = 0.233\], and the originality value \[*t*(28) = - 0.749*; p* = 0.46, *d* = 0.273\].

###### 

Correlations (Pearson's *r*) coefficients for working memory capacity and the creativity measures.

                WMC              Divergent        Fluency           Flexibility       Originality      Convergent
  ------------- ---------------- ---------------- ----------------- ----------------- ---------------- ------------
  WMC           \-               0.102            0.107             -0.004            0.061            0.132
  Divergent     \[-0.15,0.35\]   \-               0.835\*\*         -0.821\*\*        -0.051           0.056
  Fluency       \[-0.15,0.35\]   \[0.74,0.89\]    \-                -0.868\*\*        -0.530\*\*       0.105
  Flexibility   \[-0.26,0.25\]   \[0.72,0.89\]    \[0.79,0.92\]     \-                -0.552\*\*       -0.034
  Originality   \[-0.19,0.31\]   \[-0.30,0.20\]   \[-0.69,-0.32\]   \[-0.71,-0.35\]   \-               0.019
  Convergent    \[-0.12,0.37\]   \[-0.20,0.31\]   \[-0.15,-0.35\]   \[-0.28,0.22\]    \[-0.23,0.27\]   \-

The lower and upper bounds of the 95% confidence interval are shown in square brackets in the bottom left half of the table. Correlations that are significant (α = 0.01; two-tailed) are marked with \*\*.

![**Bivariate correlations between working memory capacity and the three divergent thinking measures (fluency, flexibility, and originality) and working memory capacity with the convergent thinking measure**.](fpsyg-06-00115-g001){#F1}

Further, the correlation between working memory capacity and a measure of convergent thinking---the final option chosen---was not significant (cf. **Table [1](#T1){ref-type="table"}**), indicating that a high domain-general working memory capacity is not associated with better decisions in soccer. This was also evident when comparing the 25% highest and 25% lowest working memory capacity athletes \[*t*(28) = - 0.429*; p* = 0.67, *d* = 0.156\]. This finding is in line with [@B15] who provided evidence that a higher working memory capacity is only associated with superior decision making in certain situations, e.g., when a predominant response tendency interferes with the best solution in a situation or when there is external distraction from the decision making task. However, there was no association between overall decision quality and working memory capacity.

DISCUSSION
==========

The aim of this study was to explore the relationship between domain-general working memory capacity and domain-specific creativity amongst experienced soccer players. The pattern of results provides evidence that domain-general working memory capacity was not associated with creativity in a soccer-specific creativity task. Thus, our findings do not support the previously reported suggestion of a positive relationship between a domain-general measure of working memory capacity and domain-specific creativity ([@B10]). The present findings are in line with existing studies that do not find any direct correlation between working memory and creativity (e.g., [@B51]; [@B25]). Therefore, our results suggest that the moderating role of the nature of the creativity task plays an important role in the interaction between divergent thinking and working memory, as it is evident in current creativity research (for reviews, see [@B22]). Or as [@B14], p. 236) pointed out: "In sum, the mediating effect of working memory on creativity depends on the type of task to be performed." In this respect, the present findings are well aligned with current theorizing (see [@B56], for a review) on the role of working memory capacity in problem solving, concluding that successful problem solving depends on the needs of the situation.

While an increasing number of correlational studies and laboratory-based experiments have started investigating creativity and working memory, there are only few studies which take task complexity and domain-specific knowledge in regard to the task into consideration. The present research provides a first attempt of filling this gap in the literature. However, the present research is not without limitations. Although, we provide evidence that domain-general working memory capacity was not related with domain-specific creativity amongst experienced soccer players, we did not experimentally manipulate domain-specific experience by either varying the task demands or the experience level of the participants. As we were interested in answering the question whether an athlete's domain-specific creativity is restricted by their domain-general cognitive abilities (i.e., working memory capacity), it is currently not clear whether less experienced athletes or children would have benefitted on the creativity task from having a greater working memory capacity. Further in consideration of the findings of [@B43] who showed that expertise in combination with high working memory capacity can hinder creative performance, top-level soccer players (as compared to the amateur to semi-professional participants) might have been influenced by their working memory capacity on the creativity task. Therefore, future research and theorizing on the role of working memory in creative behavior needs to distinguish between different types of creative performance while considering the role of domain-specific experience in the creativity task. A fruitful approach in this endeavor would be to manipulate task demands (requiring domain-specific knowledge or not) while having various participant groups varying in domain-specific experience and working memory capacity.

Given the importance of creative moments, products, and processes in a variety of contexts, such as economy, medicine, science, or sports, the present research contributes to a growing body of literature that sheds light on the underlying cognitive mechanisms associated with creative thought and behavior. Specifically, we demonstrated that working memory capacity was not a limiting factor on creative decision making amongst skilled performers. Therefore, experienced soccer players did not benefit from a superior working memory capacity in finding creative solutions to soccer-specific situations. However, similar to previous research in psychology showing that a narrow focus of attention is detrimental to creativity ([@B56], for a review), studies in the context of sports have demonstrated impaired creative problem solving by narrowing the focus of attention via specific instructions amongst children ([@B28]; [@B35]) and adult athletes ([@B16]; [@B34]). This might suggest that although individual differences in focused attention (as measures by working memory capacity, [@B12]) did not contribute to creativity, situational manipulations of available working memory capacity (e.g., taxing working memory by a secondary task, cf. [@B10], study 1) might affect creative problem solving. Future research might want to look into this possibility.
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